Introduction
Functional complexes are sets of characters that collectively perform a distinct function.
Such complexes occur in all animals that perform intricate tasks such as web spinning; insemination; venom production and delivery; or byssal thread attachment (Klauber 1956; Clarke and McMahon 1996; Olivera 1999; Opell 1999) . A typical complex spans molecular to behavioral levels of organization, and there will be a selective premium on integration and coordination of the parts that compose it. This premium must apply across levels of organization, as well as within them. We might then expect the same mode of selection to percolate from level to level, with the consequence that similar patterns of evolutionary divergence will occur at each level. For example, if stasis prevails at the morphological level we might expect stasis at the molecular level.
The concordance of evolutionary processes at different levels in functional complexes is an unresolved issue. While a neutral/purifying selection mode commonly prevails at the molecular level (Kimura 1983; Endo, Ikeo and Gojobori 1996; Barrier et al. 2003) , and a stabilizing selection mode at the morphological level (Charlesworth, Lande and Slatkin 1982) , significant departures from these selective modes have been found at each level (Boag and Grant 1981; Schubart, Diesel and Hedges 1998; Stahl and Bishop 2000; Yang and Bielawski 2000; Miller and Pitnick 2002; Swanson and Vacquier 2002) . When such a departure occurs at one level of organization in a functional complex, does it cause shifts in selection at others? To answer this question, we must diagnose modes of selection at multiple levels in a single complex.
Positive (directional) selection on reproductive aspects of morphology is widespread (Kingsolver et al. 2001) . At the molecular level positive selection has also been demonstrated to occur in proteins that mediate post-copulatory processes and may also occur earlier in the courtship phase (Willett 2000; Swanson and Vacquier 2002; Mundy and Cook 2003) . Despite this widespread occurrence of positive selection, mechanistic details of mating are often conserved over tens of millions of years. In such conserved reproductive functional complexes, constraints at one level might constrain evolution at other levels. Alternatively, the mode of selection at one level might be uncoupled from that at another. Here we use salamander pheromone delivery as a test case for dissecting the evolutionary dynamics at multiple levels in a functional complex.
Diagnosis of selection in a pheromone delivery complex. About 100 million years ago, plethodontid salamanders evolved a stylized courtship during which the male delivers a pheromone produced by a pad of glandular tissue on his chin (the mental gland) while the female straddles his tail (Houck and Sever 1994; Houck and Arnold 2003) . In their subsequent radiation, the diverse tribes of plethodontids have retained this system of chemical communication. The characters used for pheromone signaling during plethodontid courtship form a typical functional complex consisting of a mental gland, specialized teeth, delivery behaviors and a chemical signal.
Courtship pheromone delivery by plethodontids presents a remarkable picture of morphological and behavioral stasis (Houck and Sever 1994) . Species in all four major plethodontid lineages share a vaccination mode of delivery (Figure 1 ). In the courtship season, a male's premaxillary teeth and mental gland hypertrophy. During courtship, the male abrades the female's skin with his teeth and rubs secretions from his gland into the abraded site (Arnold 1977) . These secretions shorten the time to sperm transfer (Houck and Reagan 1990) .
Vaccination occurs in all major plethodontid lineages and no other salamander, and so was almost certainly present in the ancestral plethodontid. The family is approximately 100 million years old (Ruben et al. 1993) , so the morphological (glands, teeth) and behavioral elements (tail straddling walk, vaccination) of this delivery system have been conserved over that entire period.
The behavioral and morphological conservation includes many small details of histology and sexual choreography. Charlesworth, Lande and Slatkin (1982) persuasively argued that such long-term stasis must be a consequence of stabilizing selection. Other mechanisms, such as evolutionary inertia or developmental constraint, may produce short-term stasis, but cannot account for long-term stasis.
A rapid transition in pheromone delivery mode has occurred within the genus Plethodon (Figure 1 ). The forty-one species of this genus found in eastern North America form a monophyletic group with two subdivisions (Highton and Larson 1979; Larson et al. 1981; Highton and Peabody 2000) . One clade retain the ancestral vaccination delivery mode, while members of the other clade share a derived olfactory mode (Houck and Sever 1994) . Males in this second clade lack protruding premaxillary teeth and have a greatly enlarged mental gland which they slap on the snout of the female during courtship with a highly stereotyped behavior pattern Arnold 1977) . The pheromone then acts on the female's vomeronasal system to promote receptivity (Houck and Reagan 1990; Wirsig-Wiechmann et al. 2002) . The clade within the genus Plethodon that employs the olfactory delivery mode arose about 19 million years old (Larson, Weisrock and Kozak 2003) and have subsequently retained a unique combination of morphological and behavioral traits. By the same argument as above, stasis in the olfactory delivery mode is probably a consequence of stabilizing selection maintained over this period (Houck and Arnold 2003) .
The implausibility of behavioral and morphological stasis over a 19 million year period arising from genetic drift can be assessed using a mode of analysis for phenotypic characters described by Lynch (1990) . Consider divergence in the size (diameter) of the mental gland, the most rapidly evolving character in the behavioral-morphological aspect of the functional complex, which among species with olfactory delivery ranges from about 2 mm in P. dorsalis to about 6 mm in P. yonahlossee . In the Wayah population of P. shermani (Macon county, NC; Table 1 ) the gland averages 3.361 mm in diameter with a coefficient of variation (CV) of 0.196 (n=20 males). Assuming that this CV is characteristic of Plethodon, and that the average generation time is 5 yr, using Lynch's (1990) methods, we obtain a per generation rate of squared character change of 4.14 x 10 -6 , which is more than an order of magnitude slower than the minimum rate we would expect under neutrality (5 x 10 -5
). This result indicates that some evolutionary force retards the rate of divergence, compared with neutral expectation. In this and other similar analyses of phenotypic evolution, the most likely retarding force is stabilizing selection (Lande 1976; Charlesworth, Lande and Slatkin 1982; Lynch 1990 ). Prediction of selection on salamander pheromone genes. Patterns of evolution in morphology and behavior reveal that the salamander pheromone delivery complex has undergone long periods of stabilizing selection on each side of a rapid transition in delivery mode that was presumably driven by directional (positive) selection. If the mode of selection at one level in a complex predicts that at another level, then this pattern of selection should also characterize molecular
evolution. An active component of a plethodontid courtship pheromone has been identified from Plethodon shermani -a species having olfactory delivery. The P. shermani pheromone is a protein mixture with two major components . Delivery of one of these, Plethodontid Receptivity Factor (PRF), is sufficient to make females more receptive during courtship . Sequence homology places PRF in the same cytokine family as Interleukin-6 (IL-6). These cytokines act as soluble ligands that sequentially bind extra cellular domains of at least two transmembrane receptors and so bring together cytoplasmic domains capable of signal transduction (Bravo and Heath 2000) . A four α-helix bundle forms a structural core of the proteins to which receptors bind at conserved positions (Kallen et al. 1999; Bravo and Heath 2000; Hill, Morea and Chothia 2002) .
We compared patterns of selection on the PRF gene with the predictive framework derived from morphology and behavior. We detected significant positive selection within delivery modes, rejecting the molecular analog of stabilizing selection. Contrary to expectation, different evolutionary processes prevail at different levels of organization in this functional complex. We suggest that this uncoupling of modes of selection at each level of organization may be a general feature of functional complexes.
Materials and Methods
Mental gland collection. For each study species, males with enlarged premaxillary teeth and/or a visible mental gland were collected from the field during the courtship season (Table 1) . A single (point) locality was sampled for each species. Mental glands were taken from sedated animals as described by Rollmann, Houck and Feldhoff (1999) and the animals killed. PRF cloning. PRF sequences were obtained by reverse-transcriptase PCR on cDNA (ImProm II system: Promega) synthesized from mental gland total RNA (Trizol: Invitrogen). PCR primers (5'-AGC ATC AAC GGA GGC AAG AG-3' and 5'-CCC AAT GCA AGA TAG CTC-3') were used that anneal to the 5' and 3' untranslated regions of P. shermani PRF mRNA. Pfu polymerase (Stratagene) was used to avoid nucleotide incorporation errors. Amplicons were cloned into TOPO4Blunt (Invitrogen) and sequenced in both directions. This approach identified extensive polymorphism within species. To confirm that this polymorphism was not a PCR artifact, a P. shermani mental gland cDNA library was constructed (Lambda-ZapII: Stratagene) and 300 random clones sequenced. The same extensive polymorphism in PRF was found using this non-PCR approach. Phylogenetic reconstruction. Molecular phylogenies were constructed using maximum parsimony analyses of nucleotide sequence alignments. Gapped positions were excluded from the data before phylogeny reconstruction. A majority rule consensus tree (100 random additions) was found using PAUP* version 4.0b10 with the heuristic search mode and random starting seeds.
Bootstrap (250 pseudoreplicates) analyses of the alignments were completed and branches with less than 60% support were collapsed. Other optional parameters were set to the defaults.
Outgroups were Mouse CNTF-like sequence XM_ 146055 for PRF phylogeny reconstructions, and P. shermani PRF isoform 1 (AAF01025) for analyses of IL-6 and CNTF. Analyses of selection. Modes of selection at amino acid sites in proteins and along lineages in molecular phylogenies were identified from estimates of the ratio (ω) of nonsynonymous to synonymous substitution rates (Li 1997) . In this test ω =1 at neutral sites, whilst ω <1 or >1 identify stabilizing or positive selection, respectively. We estimated ω using the maximum likelihood method implemented by the PAML v3.13d software package (Yang 1997; Yang and Nielsen 2002) . Analyses of selection were performed on nucleotide sequence alignments and majority rule consensus trees obtained during phylogenetic reconstructions.
Equilibrium codon frequencies were estimated from average nucleotide frequencies at each codon position and transition-transversion rate ratios were estimated from the data. Tests for differences in selection along lineages compared three models; a model with a single ω for all lineages; a model in which a separate ω was estimated for each lineage; and a model in which two different ω values are allowed -one value for the branch leading to the change in delivery mode and another value for the remaining branches that have a stable delivery mode. Tests for variation in selection among sites compared models described in detail by .
Briefly, these were a null model M1, in which ω at each site was forced to be either 0 or 1, corresponding to a strict interpretation of Kimura's neutral theory of protein evolution; and M3 in which sites are assigned to one of three discrete ω value categories estimated from the data. M3
permits ω>1, and so allows for positive selection. Models were compared using log-likelihood values in a chi-square test with two degrees of freedom (Yang 1998) . We also compared continuous distribution models (M5-M10) described by but found no significant differences between M1 or M3 and equivalent continuous models so results for M5-10
are not reported.
Results
PRF is maintained across a delivery mode transition and is polyallelic. We constructed a composite phylogeny of Plethodon spp. (Figure 1 ) from published allozyme studies (Highton and Larson 1979; Larson et al. 1981; Highton and Peabody 2000) . Mapping courtship behavior (known or inferred from mental gland size and presence/absence of premaxillary teeth) onto this phylogeny (Figure 1 ) supports the Houck and Sever (1994) inference of a single evolutionary transition from vaccination to olfactory delivery modes. We then collected 12 Plethodon species spanning this transition, restricting our choice of species to those in which pheromone delivery mode is unambiguously known. We obtained complete open reading frames for PRF from each of the 12 species. This survey identified 58 PRF sequences, including four known P. shermani isoforms , with considerable non-synonymous polymorphism (49 derived primary sequences; Table 1 ). Each species had a unique complement of alleles, but three sequences occurred in more than one species, for a total of 61 alleles.
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Some variation in PRF has arisen from gene duplication. Species having olfactory delivery yielded up to five alleles per individual, so must express three or more PRF genes in the mental gland. Sequence variation among all alleles from these species was less than 5% and many differ by only a single nucleotide replacement. In every species strongly conserved untranslated regions flank the variable coding regions. PRF sequences from species having vaccination delivery were of two types that differed by about 15%. Variation within each type was similar to that amongst sequences from species having olfactory delivery. Each individual provided up to two discrete sequences for each type, suggesting vaccinating species express two divergent PRF genes in the mental gland.
To estimate total allelic variation for PRF in a single population, ten P. shermani (olfactory delivery) and eight P. cinereus (vaccination delivery) individuals were surveyed.
Eleven and 14 alleles were identified, respectively, in these two species. A continuing yield of new sequences with every individual shows we had not yet identified all alleles. PRF occurs with many slight variants and is highly variable within populations. Phylogenetic associations amongst PRF sequences. Relationships amongst PRF sequences were explored by maximum parsimony cladistic analyses (Figure 2 ). This analysis identified two major clades of PRF sequences, each with bootstrap support greater than 95%. One major clade (type A) contained all PRF sequences identified from species having olfactory delivery, as well as sequences from one of the two PRF types from vaccinating species. The second major clade (type B) contained the other sequence type from vaccinating species. Within the two major clades, PRF sequences from vaccinating species cluster together (Figure 2 ). Sequences from species having olfactory delivery appear to cluster at random with many unresolved branch points. Apparently, two genes arising from an ancient duplication event are expressed in mental glands of vaccinating species. Olfactory species now express one of these ancestral gene types in the gland, but this gene has also been duplicated.
PRF is under positive selection within delivery modes. Evolutionary analyses of morphology
and behavior show that the plethodontid pheromone delivery complex has undergone long periods of stabilizing selection either side of a transition from vaccination to olfactory delivery.
We compared this result to patterns of selection on the signal molecule. An estimate of ω for each branch in a PRF phylogeny rejected stabilizing (purifying) selection within delivery modes (p<0.001), in favor of models in which multiple lineages are under positive selection (Figure 2 ).
In contrast, we could not reject neutrality for the branch joining delivery modes despite free ratio models identifying it as under weak positive selection (ω=1.54), and in two-rate models there was no support for models in which selection over that branch was greater than for the branches within delivery modes (p=0.48).
Analyses of variation in selection over sites (amino-acid positions) in PRF also rejected neutral models (p<0.001) in favor of a model where 8% of sites have undergone positive selection (ω=5.45), with 62% of remaining sites neutral and 30% under stabilizing selection (Table 2) . Analyzing sequences from within the vaccination or olfactory delivery modes separately showed variation at 5% of sites in PRF delivered by vaccination, and up to 25% in PRF delivered by olfaction, is explained by positive selection (Table 2) . We can reject the hypothesis of concordance between selection modes at the levels of morphology or behavior and at the molecular level in this functional complex. Positive selection in PRF occurs at receptor binding epitopes. From our analyses of selection, we identified the positions of amino-acid sites (codons) in PRF that have undergone positive selection (Figure 3) , and then used sequence similarity between PRF and the IL-6 cytokine family to form hypotheses about functions for the positively selected sites (Ciapponi et al. 1995; Clackson and Wells 1995; Panayotatos et al. 1995; Hudson, Vernallis and Heath 1996; Wells 1996; Behncken et al. 1997; Kallen et al. 1999; Bravo and Heath 2000; Hill, Morea and Chothia 2002) . PRF is most similar to Neurotrophin-1, followed by Cardiotrophin-1, CNTF, Leukemia
Inhibitory Factor (LIF), Oncostatin-M, and IL-6. These four-α-helix cytokines all bind a shared receptor, gp130 at binding site II. PRF is predicted to have four α-helices and a long-short-long loop pattern that maps onto the structure of these cytokines, and this was used to align PRF with (Clackson and Wells 1995; Boulanger et al. 2003) . The association of many positively selected sites in PRF with receptor binding epitopes suggests that receptor variation is a significant source of selection on this signal. Evolution of two related cytokines is nearly neutral. To test whether PRF is evolving in a manner different from similar proteins, we analyzed some other four α-helix cytokines for positive selection. PRF is the only amphibian cytokine known from this family so we tested mammalian members. Growth Hormone has previously been analyzed (Liu et al. 2001 ) and does not have sites under strong positive selection, although in primates receptor binding sites have more substitutions than other sites, implying positive selection. Only IL-6 (26 taxa) and LIF (7 taxa) provided large enough data sets for analysis. Phylogenies for these proteins in our analyses were essentially as described previously (King et al. 1996) . Analyses of selection revealed that all sites in these two proteins are under moderate to strong purifying selection or are nearly neutral (Table 2 ). For PRF we obtained ω values in the range 5.45-11.38, whilst IL-6 and LIF yielded ω<1.23. This absence of positive selection implies that the evolutionary change from internal signaling to two-party pheromone signaling has altered the way in which PRF evolves.
Discussion
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The evolutionary dynamics of the plethodontid pheromone signaling complex has three characteristics: stabilizing selection on behavioral and morphological aspects of signal delivery; heterogeneity of the signal within contemporary populations; and positive selection on the signal.
Strong positive selection at the molecular level presents a striking contrast with long-term stasis at the morphological and behavioral levels in this functional complex. In our plethodontid system, stasis in behavior and morphology apparently is a consequence of intricate functional coupling between males and females (Houck and Arnold 2003) . During courtship, the behavior of the male and female is dynamically adjusted to the behavioral responses of the mating partner (Arnold 1976) . Pheromone delivery is embedded in a larger courtship ritual that includes a complicated tail-straddling walk (Houck and Arnold 2003) . Deviations in this two-party ritual apparently are opposed by stabilizing selection, resulting in stasis over tens of millions of years.
These stabilizing aspects of selection do not extend to the molecular level. The pheromone signal appears to be uncoupled from the stabilizing influences of the two-party courtship ritual. As a consequence, the complex shows discordant evolutionary patterns at different levels of organization.
Relaxed coupling between modes of selection at different levels of organization may be a general feature in functional complexes. For example insect pheromone receptors can dynamically track shifts in signal characteristics despite stable morphology and behavior (Lofstedt 1993; Roelofs et al. 2002) . Similarly, in predator envenomation of prey stable behaviors can overlie dynamic adjustment of the venom component and the converse may also be true (Klauber 1956; Downes and Shine 1998; Duda and Palumbi 1999; Olivera 1999) . In a third example, web silk can be modified independently of web design (Clarke and McMahon 1996; Olivera 1999; Opell 1999) . In intricate complexes such as these modes of selection will probably be discordant across levels of organization. We must separately assess selection modes at each level to understand the evolution of such functional complexes.
Although positive selection on reproductive aspects of phenotype is widespread at multiple levels of organization (Kingsolver et al. 2001; Swanson and Vacquier 2002) , Selection on pheromones may be due to natural or sexual selection (Arnold and Houck 1982) and our salamander data cannot distinguish between these possibilities. Stabilizing selection on the delivery system seems to argue against sexual conflict, in which pheromone delivery or costs of mating reduce female fitness while increasing male fitness (Parker and Partridge 1998; Chapman et al. 2003) . In this scenario, female resistance to males drives signal diversification leading to perpetual coevolution of signals and receptors, and high levels of polymorphism within populations (Gavrilets 2000; Gavrilets and Waxman 2002) . Sexual selection can produce an evolutionary pattern in which female receptors constantly change as a correlated response to the evolution of male signals (Lande 1981) or as a result of male exploitation of a female bias towards a complex signal. Natural selection, for example arising from virally encoded cytokine mimics (Moore et al. 1996) , or drift acting in females, might result in an ever-changing population of receptors that males must track (Lofstedt 1993) . Additional observations are needed to distinguish between these selection scenarios.
Our analysis assigned PRF to the group of four α-helix cytokines that bind the gp130 receptor. Conservation of receptor binding strategies in this protein family (Bravo and Heath 2000) means that we can expect PRF to use similar receptor binding sites. Not all members of the gp130 binding class of cytokines bind receptors at site I, but on those most similar to PRF a specificity determining non-signaling receptor binds there (Panayotatos et al. 1995; Bravo and Heath 2000) . Many positively selected amino acid sites in PRF are likely to affect charge distributions at site I, so a receptor that determines specificity of action for PRF probably mediates this selection. It is likely that PRF also interacts with two shared signaling receptors: a LIF-R like receptor at site III and gp130 at low affinity at site II. Fewer strongly selected amino acid sites in PRF are associated with those two sites. If, as in mammals, these sites also bind shared receptors in amphibians, they would be more constrained than site I. From the context in which PRF acts, the receptors it binds are likely to be in females. Selection on PRF arises from the pheromone signaling function placing a selective premium on males producing a signal that can be recognized by mixed and/or changing populations of female receptors. The nature of selection at the molecular level in our system warrants further study.
Highlands Biological Station Grant-in-Aid, a NSF pre-doctoral fellowship to C.A.P. and NSF IBN-0110666. Table 1 ). PRF sequences were denoted type A or B according to which of two major clades they fall into and then given sequential numerical designators. Phylogeny was rooted with Mouse CNTF-like sequence XM_ 146055. Table 2 . Non-synonymous to synonymous substitution rate ratios (ω), prior probabilities (p(ω)), and log likelihood values (lnL) for selection models fitted to Plethodontid Receptivity Factor (PRF) and two cytokines in the same structural family.
Captions
Signatures of strong positive selection are shown in bold. 
Selection Model Cytokine
